The only major structural protein (35 kDa) of the lactococcal small isometric-headed bacteriophage u136, a member of the P335 species, was isolated from a preparative sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis. Monoclonal antibodies (MAbs) were raised against the denatured 35-kDa protein. Six MAbs were selected and characterized. Western blots (immunoblots) showed that all MAbs recognized the 35 kDa but also a 45 kDa that is in lower concentration in the phage structure. Binding inhibition assays identified five families of MAbs that recognized nonoverlapping epitopes of the 35-and 45-kDa proteins. Immunoelectron microscopy showed that these two proteins are localized within the phage head, therefore indicating that the 35 kDa is a major capsid protein of u136 and that the 45 kDa is a minor capsid protein. With two MAbs, a sandwich enzyme-linked immunosorbent assay (ELISA) was developed for direct detection of lactococcal phages in whey and milk samples. Whey and milk components, however, interfered with the conduct of the assay. Partial denaturation of milk samples by heat treatment in the presence of SDS and 13-mercaptoethanol removed the masking effect and increased the sensitivity ofthe assay by 100-fold. With the method used here, 107 PFU/ml were detected by the ELISA within 2 h without any steps to enrich or isolate bacteriophages.
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Despite improvements in starter culture technology during the last decade, perturbation of milk fermentations due to bacteriophage attack is still a major concern for the dairy industry (9). Cheesemaking is a nonsterile process, and phages are virtually always present in the plant (10). If a susceptible host is provided, the phage population will increase very quickly because of short latent periods and large burst sizes (23) . Phage population level of 105 to 107/ml in starter media or milk is an indication of a potential problem and is likely to retard milk acidification (30) . In fact, in defined starter systems, phage-sensitive strains are normally replaced when phage populations reach that level in wheys (30) .
Lactococcal phages can be detected in various ways: spot test (12), starter activity test (11, 24) , indicator test (29, 32) , ATP measurement (5), and electrical impedance (34) . However, these assays have several disadvantages. They are time-consuming, especially when large numbers of samples are tested. Most of them rely on the availability of single indicator strains, which is not possible when mixed strain starters are used in cheese manufacture. Most importantly, methods currently available are indirect because they evaluate the effects of a sample (suspected to contain phages) on the bacterial metabolic activity and not the presence of the phage itself. In this case, a slow metabolic activity of the starter could be improperly attributed to phage contaminations (false positive). A direct method to rapidly detect phage contamination is definitely needed in the cheese * Corresponding author. industry so that precautionary measures could be taken to minimize or prevent economic losses (20, 28) .
Direct detection of lactococcal phages in various media by DNA probes was reported recently (20) . The detection limit of the assay was between 106 and 107 PFU/ml. Although many samples could be processed simultaneously by a dot blot apparatus, the time required for performing the assay was still too long for industrial purposes. To be efficient in industrial conditions, phage detection tests must be fast, easy to handle, and very sensitive (28) . Recently, it was suggested that immunological detection could be used to achieve these objectives and detect phages in the dairy industry (28, 30) . Polyclonal and monoclonal antibodies (MAbs) could serve as a tool in a direct detection system (4).
Detailed information on a large number of lactococcal phages is now available. These data have led to a new classification of lactococcal phages into 12 species (15) . However, most phages belong to three species composed of two small isometric-headed species (936 and P335) and a prolate-headed species (c2). Phages from the same species have nearly the same morphology, share strong DNA homology, and exhibit similar structural protein profiles (15) . Therefore, because of the presence of proteins in their structure, lactococcal phages should be detectable by assays based on antibodies. However, to our knowledge, only one study addressed that possibility over 10 years ago (17) . In that case, polyclonal antibodies were raised against intact lactococcal phages (c2 and 936 species). The detection limit Other serological analyses have shown that polyclonal antibodies raised against lactococcal phages will bind only to phages from the same species (13, 14). Polyclonal antibodies raised against ,-galactosidase fused to lactococcal phage structural protein (c2 species) was recently reported (28) . However, no utilization of these antibodies for phage detection purposes was reported.
For most of the small isometric-headed phages studied thus far, only one major structural protein has been observed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) (2, 19, 25, 26) , whereas prolate-headed phages and large isometric-headed phages have at least three major structural proteins (2, 19, 25, 26) . They are designated major because of their high concentration in the phage structure compared with minor proteins that are much more numerous but lower in concentration. Chung et al. (6) have estimated that the major capsid protein of the lactococcal small isometric-headed phage F4-1 represents nearly 80% of the total phage structural proteins. Interestingly, it has been reported recently that major capsid proteins of lactococcal phages are produced in excess during infection (18) . Thus, because of their high structural concentration and excess production during infection, major capsid proteins could be a suitable target for phage detection by immunological assays.
In this study, MAbs were raised against the major capsid protein of the lactococcal small isometric-headed phage u136, a member of the P335 species. An enzyme-linked immunosorbent assay (ELISA) which allowed direct detection of lactococcal phages in whey or milk without purification or an enrichment step was then developed. To our knowledge, this is the first report on production of MAbs against a lactococcal phage capsid protein.
MATERIALS AND METHODS
Bacterial strains, phage, and medium. Lactococcus lactis subsp. cremoris UL8 and phage u136 were isolated from Quebec cheese plants (19) . Phage u136 is a member of the lactococcal phage species P335 (15) . L. lactis UL8 was propagated in M17 broth containing 0.5% lactose (31) . Phage u136 was produced and concentrated to 1012 PFU/ml in a CsCl gradient as described by Jarvis (14 well) in carbonate buffer (50 mM, pH 9.6). After four washes with TBS buffer, wells were saturated with 1% nonfat dry milk incubated at 37°C for 2 h. After two washes, plates were stored at 4°C (up to 1 week) until use. BSA (1 and 3%) was also tested to saturate nonspecific sites but gave a higher background. Generally, casein has high affinity with plastics and low affinity with other proteins, and it was reported to be the most effective material for plate postcoating (33 (Fig. 1, lane 2) showed one major structural protein estimated at 35 kDa. This is in agreement with the profiles exhibited by other small isometric-headed phages (2, 19, 25). This major protein was successfully isolated following extraction from the preparative SDS-polyacrylamide gel (Fig. 1, lane 1) (Fig. 3) 35-kDa protein an ideal target for developing an ELISA to detect lactococcal phages in whey and milk. The MAb pair 6C1-7H5 was selected for the ELISA on the basis of the competition binding assays, nonoverlapping epitopes, high affinity with u136, and the high stability and production levels of the hybridoma cell lines. The sensitivity of the ELISA was 108 PFU/ml in M17 (Fig. 4A ) and in whey (Fig. 4B ) but 109 in milk (Fig. 4C) . Since MAbs were produced against the denatured 35-kDa protein, attempts were made to improve the sensitivity level by treating samples with a denaturation buffer before their addition to the microtiter wells. The concentration of denaturing buffer was reduced to the extent possible to avoid modifying the antibodies coated in the wells. The optimum quantity of denaturing buffer added to 1-ml samples varied depending on the media in which the phage was diluted (Fig. 5) . To obtain the highest sensitivity, 5, 55, and 80 itl of denaturing buffer were used for M17, whey, and milk, respectively. These buffer concentrations probably represent the best compromise to detect the phages without denaturing the antibodies. The increasing concentration of denaturing buffer correlated with the increasing protein content of the sample (data not shown). This suggests that milk proteins may be most responsible for interfering with phage detection by this ELISA. Treating the sample with the denaturing buffer increased the sensitivity of the ELISA. For whey, the detection limit was lowered from 108 to 107 PFU/ml and for milk from 109 to 107 PFU/ml.
However, the sensitivity in M17 was not modified by providing denaturing conditions. Interestingly, the sensitivity level was higher in whey and milk than in M17. This could suggest the presence of an accelerator of the antigen-antibody reaction in whey and milk (27) . L. lactis or E. coli cells, phages lambda or T7, and 34 lactococcal phages of the 936 and c2 species tested (at concentration up to 1010 PFU/ml) were not detected by the ELISA (data not shown). All the eight phages of the P335 species (like u136) tested were detected by the ELISA to various levels (10 to 109 PFU/ml).
DISCUSSION
The small isometric-headed lactococcal phage u136 (P335 species) has one major structural protein, estimated at 35 kDa. The high concentration of the 35-kDa protein in the overall phage structure and its localization on the phage head demonstrated that the 35 kDa is the major capsid protein of the lactococcal phage u136.
MAbs were raised against the denatured form of the 35-kDa protein isolated by preparative SDS-PAGE. Western blots showed that all six MAbs we have obtained recognized the 35-kDa protein and also a minor protein of 45 kDa. A possible explanation for the cross-reactivity of the 35-and the 45-kDa proteins is provided through previous observations on bacteriophage T7 (8). This small isometric-headed phage from E. coli has also one major structural protein that corresponds to the major capsid protein (36.4 kDa). This protein is specified by gene 10 that also encodes a second 41.8-kDa head protein which is produced in smaller amounts. Translation of the two proteins begins at the same initiation site, but the 41.8-kDa protein appears to be produced because of a shift in the translational reading frame just ahead of the normal termination codon. Fifty-three amino acids are thereby added to the carboxy terminus of the 36.4-kDa major capsid protein (8). Therefore, the minor head protein (41.8 kDa) is derived from the gene for the major capsid protein (36.4 kDa), and the two share some common epitopes. Although no DNA homology or immunological reactions were detected between T7 and u136 (data not shown), these observations prompt us to speculate that the lactococcal u136 45-kDa protein may be derived from the gene of the 35-kDa protein because of a genomic organization similar to that found in E. coli phage T7.
The high concentration of the major capsid protein in the phage structure makes it a preferred antigenic target for detection by immunological methods. Furthermore, we have reported previously that capsid proteins of lactococcal phages are produced in excess during infection of L. lactis (18) . An ELISA for the detection of lactococcal phage in milk and whey using two MAbs recognizing nonoverlapping epitopes of the 35-kDa major capsid protein was successfully developed. Detection of microorganisms with polyclonal antibodies and MAbs raised against native or extracted cell wall components is well known, and many commercial kits are available (4). However, an enrichment step is required in most cases, because the target microorganism is initially present in low concentration. With an ELISA system, whole bacterial cells can be detected at levels as low as 105 to 106 CFU/ml of pure culture or enrichment broth (4).
Lytic lactococcal phages are commonly found in cheese wheys, and they are problematic when they reach high populations (105 to 107 PFU/ml of whey). High phage concentration provokes fermentation failures by lysing a high percentage of starter cells (30) . If phage build up could be detected rapidly, precautions could be taken to minimize any subsequent economic losses. In this study, we have detected phages directly in whey or milk within 2 h without an enrichment step or use of an indicator strain. The time for the assay may even be shortened by 30 min if the second antibody was conjugated with an enzyme rather than relying on the biotin-streptavidin system.
Lower sensitivity in the assay was obtained when phages were assayed in whey or milk than when the phages were in M17 broth. Numerous workers have also encountered difficulties detecting microorganisms directly in a food matrix without enrichment, especially with DNA probes and polymerase chain reaction technology (20, 35) . Interestingly, the ELISA described here, combined with partial denaturation of the samples (by heat, SDS, and 13-mercaptoethanol) has increased the sensitivity (up to 100-fold) and decreased the masking effects of milk proteins. The results were obtained in 2 h, and the sensitivity level was 107 PFU The MAbs were raised against the capsid proi a member of the lactococcal P335 phage specie with these MAbs to detect lactococcal phages fi and c2 species were unsuccessful. These agree w studies on the serology of lactococcal phages (13 results are also in agreement with DNA hybridiz. which no homology is found between phages species (2, 19, 25, 26) . Interestingly, when other the P335 species were tested, the MAbs reacte4 levels but never as strongly as with u136. For wheys with a phage population of 109 PFU/ml, th absorbance was about 7.0 optical density unit u136 (Fig. 4B) example, in
